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B.  ABSTRACT 

ONR  Grant  ONR  N00014-03-1-0070  has  supported  a  research  program  with  a  focus  on  new  materials  for 
applications  in  the  6-18  GHz  range  relevant  to  the  AMRFS  (Advanced  Multifunctional  RF  systems)  Navy  program. 
The  program  has  emphasized  three  classes  of  materials,  yttrium  iron  garnet  (YIG)  and  compositional  variants, 
lithium  ferrites  and  compositional  variants,  and  hexagonal  ferrites.  Polycrystalline  and  single  crystal  materials  in 
both  bulk  and  thin  film  form  were  investigated.  These  materials  were  produced  by  a  variety  of  techniques,  including 
traditional  sintering,  hot  isostatic  pressing  (HIPPING),  liquid  phase  epitaxy,  and  pulsed  laser  deposition.  Most 
materials  were  obtained  as  part  of  collaborations  with  other  university,  government,  or  industrial  groups.  The  pulsed 
laser  deposition  thin  film  work  on  barium  and  lithium  ferrite  was  done  in-house.  Specific  measurements  included 
the  ferromagnetic  resonance  linewidth,  the  high  field  effective  linewidth,  the  low  field  effective  linewidth,  the  in¬ 
manifold  effective  linewidth,  the  spin  wave  instability  threshold  microwave  field  amplitude,  and  the  associated  spin 
wave  linewidth.  As  appropriate  for  the  specific  measurement  and  the  sample  of  interest,  data  were  obtained  as  a 
function  of  frequency,  temperature,  static  and  microwave  field  configuration,  and  orientation.  Time  and  space 
resolved  Brillouin  light  scattering  and  inductive  magnetodynamic  probe  mapping  were  also  used  to  investigate  these 
processes. 
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C.  RESULTS 


1.  Overview 

There  are  few  centers  of  expertise  in  the  world 
which  are  capable  of  quality  research  and  development 
work  in  the  area  of  microwave  magnetic  materials.  The 
Magnetics  Laboratory  in  the  Department  of  Physics  at 
Colorado  State  University  (CSU),  Fort  Collins,  is  well 
equipped  for  a  wide  range  of  high  frequency  magnetic 
measurements  at  low  and  high  power,  at  low  and  high 
field,  over  a  wide  range  of  frequencies,  and  as  a 
function  of  temperature.  This  team  also  has  the  resident 
expertise  to  select  and  investigate  the  critical  materials 
problems  that  are  relevant  to  the  needs  cited  above. 
Much  of  this  infrastructure  has  been  established  over 
the  past  decade  with  Office  of  Naval  Research  (ONR) 
support. 

Past  CSU  work  has  addressed  and  solved  numerous 
microwave  loss  and  materials  problems  as  they  relate  to 
both  fundamental  understanding  and  device  needs.  In 
the  area  of  ferrites,  these  include  (1)  the  role  of 
microstructure  in  the  low  and  high  power  loss 
properties  of  polycrystalline  yttrium  iron  garnet  (YIG), 
(2)  the  low  and  high  power  microwave  properties  of 
substituted  lithium  ferrite  materials,  (3)  the  microwave 
properties  of  arc  plasma  spray  lithium  ferrite,  (4)  the 
origins  of  the  large  losses  in  hexagonal  ferrite  materials 
for  millimeter  wave  applications,  (5)  the  high  power 
microwave  properties  of  hexagonal  ferrite  materials,  (6) 
the  characterization  of  liquid  phase  epitaxy  yttrium  iron 
garnet  (YIG)  films  produced  with  special  fluxes,  (7)  the 
characterization  of  ultra  dense  polycrystalline  ferrites 
for  microwave  applications  prepared  by  hot  isostatic 
pressing  (HIPPING)  techniques,  (8)  the  growth  and 
characterization  of  pulsed  laser  deposited  (PLD)  ferrite 
films  of  YIG  and  barium  hexaferrite  with  losses  which 
are  as  good  as  the  best  bulk  single  crystals,  and  (9)  the 
successful  PLD  growth  of  low  loss  zinc  lithium  ferrite 
films. 

In  the  area  of  metallic  ferromagnetic  films,  which 
represents  a  promising  system  for  wide  band  tunable 
filters  in  the  microwave  and  millimeter  regime,  for 
example,  CSU  has  been  a  key  contributor  to  (1)  the 
understanding  of  phenomenological  damping  in  metal 
films,  (2)  the  elucidation  of  microwave  loss  properties 
and  most  recently,  (3)  a  new  understanding  of  the  high 
power  properties  as  well.  A  significant  part  of  this 
work  has  been  accomplished  during  the  past  and  current 
grant  periods  under  ONR  support. 


In  addition  to  the  above  microwave/millimeter 
wave  materials  characterization  and  device  physics 
development  work,  the  Colorado  State  University 
program  has  provided  numerous  contributions  that  have 
advanced  the  understanding  of  microwave  loss 
processes  and  nonlinear  spin  wave  interactions,  both  for 
ferrites  in  general  and  for  thin  films  in  particular. 
These  include  (1)  a  general  formulation  of  the  theory  of 
magnetostatic  waves  in  anisotropic  magnetic  materials, 
(2)  theoretical  analysis  of  spin  wave  instability 
processes,  both  first  and  second  order,  for  materials 
with  a  general  ellipsoidal  shape,  a  general  anisotropy, 
and  a  general  pumping  field  configuration,  (3)  direct 
identification  of  the  spin  wave  interactions  responsible 
for  the  onset  of  nonlinear  loss  in  ferrites  at  high  power, 
and  (4)  practical  theoretical  models  of  the  two  magnon 
scattering  interaction  and  calculations  of  the  resulting 
linewidths  and  off  resonance  losses  in  ferrite  materials. 
A  significant  part  of  this  work  has  also  been 
accomplished  under  ONR  support. 

2.  Education  and  Human  Resources 

Personnel  supported  in  whole  or  in  part  and 
degrees  granted  during  the  current  grant  period  are 
indicated  below: 


Visiting  scientists:  5 

Postdoctoral  fellows:  12 

Ph.D.  degrees  granted:  5 

Master  of  Science  degrees:  3 

Graduate  students:  7 

Undergraduate  work  study  students:  4 

High  school  summer  apprenticeships:  8 


Names,  degree  specifics,  and  dates  are  available  on 
request. 

3.  Publications  and  Presentation  Statistics 

Publications  and  presentations  are  listed  in  Section 
D.  Statistics  for  the  program  are  indicated  below. 


Archival  journal  publications  (ONR  cited)  8 
Archival  journal  publications  (other)  13 

Journal  articles  in  preparation  (ONR  cited)  7 
Invited  presentations  (C.  E.  Patton):  38 

Contributed  presentations:  (C.  E.  Patton)  5 
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Contributed  presentations:  (other  members)  12 

The  above  ONR  cited  publications  include: 

IEEE  Trans.  Magnetics:  2 

Journal  of  Applied  Physics:  6 

4.  Summary  of  selected  results 

The  purpose  of  this  section  is  to  provide  a  brief 
summary  of  selected  work  done  during  the  grant  period. 
A  full  list  of  publications,  presentations,  and  citations  is 
given  in  Section  D.  The  results  address  a  variety  of 
issues  related  to  microwave  and  millimeter  wave  ferrite 
materials  which  play  an  important  role  in  present 
devices  and  offer  potential  for  improved  devices  for  the 
future.  These  results  lay  the  groundwork,  in  part,  for 
the  proposed  renewal  program.  The  materials  have 
included  (1)  single  crystal  hexagonal  ferrite  films  and 
platelets,  (2)  dense  and  conventionally  sintered  bulk 
polycrystalline  ferrites,  (3)  low  loss  single  crystal  YIG 
films,  (4)  single  crystal  spinel  ferrite  films,  and  (5) 
metallic  films.  The  phenomena  have  included 
resonance  and  off  resonance  loss,  high  power 
properties,  and  nonlinear  effects. 

a.  Low  loss  Ba-M  hexaferrite  films 

There  have  been  two  main  projects  during  the 
current  funding  period  related  to  thin  film  hexagonal 
ferrite  materials.  The  most  notable  one  is  in  the  area  of 
pulsed  laser  deposition  (PLD)  and  the  production  of 
low  loss  state-of-the-art  Ba-M  hexagonal  ferrite  films. 
The  CSU  group,  under  the  lead  of  Dr.  Young-Yeal 
Song  (Song  et  al.,  2003),  built  a  basic  PLD  system  and 
produced  thin  films  of  both  YIG  and  Ba-M  with 
ferromagnetic  resonance  linewidths  that  are  as  good  as 
in  bulk  single  crystals.  The  PLD  system  has  a  single 
purpose  room  in  the  CSU  Magnetics  Laboratory  that  is 
dedicated  to  one  challenge,  the  fabrication  of  ferrite 
films. 

Figure  1  shows  a  representative  FMR  spectrum  for 
a  0.85  pm  thick  Ba-M  film  deposited  on  (0001) 
sapphire.  The  frequency  was  60.3  GHz  and  the  film 
was  saturated  with  a  static  magnetic  field  perpendicular 
to  the  film  plane.  The  most  noteworthy  result  from  Fig. 

1  is  the  extremely  narrow  FMR  linewidth,  as  evident 
from  the  expanded  data  for  the  main  peak  shown  in  Fig. 
2.  This  derivative  linewidth  of  16  Oe  converts  to  a  half 
power  linewidth  of  28  Oe.  This  is  the  lowest  barium 
ferrite  thin  film  linewidth  ever  reported.  It  matches, 
moreover,  the  linewidths  obtained  for  bulk  platelets  of 
barium  ferrite.  The  X  ray  diffraction  rocking  curve  for 
this  film  has  a  width  of  0.15°.  These  combined  results 


FMR(XI) 


Static  external  field  H  (kOe) 

FIG.  1 .  Full  ferromagnetic  resonance  (FMR)  and  spin  wave 
resonance  absorption  derivative  versus  the  static  external  field 
H  for  the  0.85  pm  thick  film  at  60.3  GHz.  Response  regions 
above  and  below  the  main  FMR  mode  are  shown  on  an 
expanded  vertical  scale,  as  indicated.  The  weak  mode  at  a 
field  above  the  FMR  mode  is  labeled  S  to  indicate  a  possible 
surface  mode.  The  modes  below  the  FMR  mode  are  labeled 
SSW  to  indicate  standing  spin  wave  modes.  [Y.  Song,  S. 
Kaiarickal,  and  C.  E.  Patton,  J.  Appl.  Phys.  94,  5103  (2003).] 

show  that  the  CSU  ONR  program  has  produced  one 
long  sought  after  goal,  single  crystal  barium  ferrite  thin 
films  with  properties  which  are  essentially  the  same  as 
bulk.  The  key  to  the  breakthrough  in  microwave 
linewidth  is  in  the  careful  optimization  of  deposition 
and  annealing  conditions. 

Figure  3  shows  additional  results  on  the  half  power 
FMR  main  mode  linewidth  as  a  function  of  frequency. 
The  circles  show  data  for  the  same  film  used  for  the 
results  presented  above.  The  squares  show  published 
data.  on  half  power  FMR  linewidths  for  bulk  single 
crystal  BaM  platelets,  from  Karim  et  al.  (1993).  The 


width  ~  16  Oe 


Static  external  field  H  (Oe) 


FIG.  2.  Expanded  view  of  the  absorption  derivative  versus 
static  external  field  H  at  60.3  GHz  for  the  main 
ferromagnetic  resonance  mode  labeled  FMR  in  Fig.  3.  The 
solid  circles  show  the  data.  The  solid  line  shows  a  fit  to  the 
data  based  on  a  Lorentzian  absorption  response  with  a 
resonance  field  of  9653  Oe,  a  half  power  linewidth  of  28  Oe, 
and  an  11%  baseline  shift.  Y.  Song,  S.  Kaiarickal,  and  C.  E. 
Patton,  J.  Appl.  Phys.  94,  5103  (2003).] 
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d) 


FIG.  3.  Half  power  linewidth  for  the  main  ferromagnetic 
resonance  mode  versus  frequency.  The  circles  show  the 
linewidth  data  for  the  0.85  pm  thick  PLD  BaM  film  used  for 
the  results  in  the  previous  figures.  The  squares  show  data 
from  Ref.  12  for  a  bulk  BaM  single  crystal  platelet.  The  line 
represents  a  linear  fit  of  all  the  data.  [Y.  Song,  S.  Kalarickal, 
and  C.  E.  Patton,  J.  Appl.  Phys.  94,  5103  (2003).] 

line  shows  a  linear  fit  to  all  the  data.  The  linear  fit  in 
Fig.  5  has  a  slope  of  0.5  Oe/GHz  and  a  zero  frequency 
linewidth  intercept  of  zero.  While  the  film  data  show  a 
fair  amount  of  scatter,  it  is  clear  that  the  thin  film 
linewidths  track  the  results  for  the  bulk  platelets.  These 
data  represent  one  of  the  key  results  of  the  current 
program,  namely,  that  the  linewidth  for  the  optimized 
PLD  BaM  films  matches  that  of  bulk  single  crystal 
BaM. 

The  0.5  Oe/GHz  linewidth  response  is  also 
significant.  As  a  point  of  reference,  note  that  the  half 
power  FMR  linewidth  in  single  crystal  yttrium  iron 
garnet  (YIG)  typically  has  a  response  of  0.05  Oe/GHz 
and  an  extrapolated  linewidth  of  zero  at  zero  frequency. 
If  the  data  in  Fig.  3  are  assumed  to  represent  intrinsic 
losses,  the  response  implies  that  such  losses  are  a  factor 
of  ten  greater  than  for  YIG.  This  factor  of  ten  result, 
combined  with  the  fact  that  the  single  crystal  film  data 
fall  on  top  of  the  bulk  platelet  data,  show  that  major 
problems  remain  if  one  is  to  produce  hexagonal  ferrite 
films  with  losses  close  to  that  for  YIG.  CSU  work  on 
the  spin  wave  linewidth  in  planar  Zn-Y  hexagonal 
ferrites  is  presented  below.  These  data  indicate  the 
clear  role  of  anisotropy  in  spin  wave  losses.  One 
approach  to  avoid  such  losses  may  be  to  work  off 
resonance,  where  losses  due  to  inhomogeneities  are 
small.  The  concept  of  an  off  resonance  or  effective 
linewidth  will  be  discussed  below. 

b.  Anisotropy  driven  loss  in  Zn-Y  hexaferrite 
platelets 

Single  crystal  platelets  of  planar  anisotropy  Zn-Y 
type  hexagonal  ferrite  have  proven  to  be  an  extremely 


useful  test  bed  to  investigate  the  origin  of  the 
microwave  losses  in  the  high  anisotropy  hexaferrite 
system.  Figure  4  (Nazarov  et  a!.,  2003a)  shows  one 
key  result  from  these  investigations.  Here,  data  are 
shown  on  the  spin  wave  linewidth  A//*  as  a  function  of 
the  magnetization  angle  with  respect  to  the  platelet 
normal,  6M  ,  for  a  pumping  frequency  of  16.7  GHz. 
The  frequency  of  the  spin  waves  is  one  half  this  value. 
The  solid  squares,  solid  circles,  and  open  squares  show 
the  results  for  the  three  experimental  0H  values  of  zero, 
5°,  and  10°,  as  indicated.  The  single  solid  diamond 
point  at  6m  =  90°  corresponds  to  the  parallel  pumping 
spin  wave  linewidth  for  an  in-plane  field  of  1  kOe.  The 
horizontal  dashed  line  for  A Hk  =  12.8  Oe  is  included  to 
show  a  point  of  reference  for  the  constant  spin  wave 
linewidth  from  the  in-plane  field  case. 

The  main  result  here  is  that  the  spin  wave 
linev/idth  increases  significantly  as  the  magnetization 
vector  M  is  pulled  out  of  the  easy  plane.  For  0M  values 
above  70°  or  so,  A Hk  is  at  its  minimum  value  which 
has  been  matched  to  the  in-plane  field  value  of  12.8  Oe. 
As  falls  below  70°,  A Hk  increases.  The  spin  wave 
linewidth  then  shows  a  broad  peak  at  dM~  40°  and  a 
maximum  A Hk  of  about  19  Oe.  As  dM  is  further 
reduced,  this  peak  is  followed  by  a  local  minimum 
at  0M  ~  25°  with  A Hk  ~  16.5  Oe.  For  6M  <  20°,  A Hk 
increases  rapidly. 

The  fact  that  the  spin  wave  linewidth  changes  as 
the  magnetization  vector  is  pulled  out  of  plane  is  not 
surprising.  The  relaxation  processes  which  give  rise  to 
A//*  in  the  first  place  derive  from  fundamental  magnon- 
magnon  and  magnon-phonon  interactions  (Gurevich  et 


FIG.  4.  Spin  wave  linewidth  AHk  versus  the  static 
magnetization  equilibrium  angle  9m  fox  the  Zn-Y  disk  at  8.35 
GHz.  The  symbols  show  A Hk  values  extracted  from  the  spin 
wave  instability  threshold  field  hcrA  data  for  experimental  % 
values,  as  indicated.  The  horizontal  dashed  reference  line 
corresponds  to  a  constant  A Hk  at  12.8  Oe.  [A.  V.  Nazarov 
and  C.  E.  Patton,  J.  Appl.  Phys.  93,  9195  (2003).] 
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al.,  1999).  Magnon-phonon  processes  derive  from  spin 
orbit  interactions  which  change  as  the  direction  of  M 
changes  relative  to  the  crystallographic  axes.  Magnon- 
magnon  processes  will  also  change  with  0M  because  of 
the  shift  in  the  spin  wave  band  position  (Gurevich  and 
Melkov,  1996).  Any  linewidth  contribution  associated 
with  these  processes  changes  as  M  is  pulled  out  of  the 
crystallographic  easy  plane  for  the  Zn-Y  disk. 

Specific  connections  are  possible.  First  of  all,  one 
can  exclude  inhomogeneities  as  a  source  of  this 
response.  Two  magnon  processes  should  not  have  a 
large  effect  on  the  spin  wave  linewidth,  especially  in 
single  crystals.  Rather,  the  mechanism  should  be 
related  to  the  large  magnetocrystalline  anisotropy,  spin 
orbit  coupling,  and  magnon  phonon  processes.  A 
connection  with  spin  orbit  processes  and  magnon- 
phonon  relaxation  is  certainly  plausible  here.  The  large 
anisotropy  for  the  Zn-Y  material  originates  from  a 
strong  spin  orbit  interaction.  Moreover,  it  is  well 
known  that  a  strong  spin  orbit  interaction  causes  an 
increase  in  both  the  FMR  linewidth  and  the  spin  wave 
linewidth. 

It  is  important  to  emphasize  here  that  the 
results  in  Fig.  4  constitute  the  first  observation  of 
an  angular  dependence  for  the  spin  wave  linewidth 
in  any  magnetic  materials.  There  have  also  been  no 
previous  theoretical  predictions  of  such  an  effect 
and  the  exact  mechanism  has  yet  to  be  elucidated. 
The  impact  of  this  effect  may  be  far  reaching.  One 
can  expect,  for  example,  a  similar  AHk  response  in  other 
high  anisotropy  materials  such  as  uniaxial  Ba-M 
hexagonal  ferrite.  In  fact,  the  FMR  linewidth  in  Ba-M 
disks  shows  an  angular  dependence  which  is  similar  to 
that  found  for  Zn-Y.  This  discovery  may  also  be 
relevant  to  large  angle  switching  experiments  in 
anisotropic  materials.  The  data  here  suggest  that  the 
applicable  damping  will  change  as  the  magnetization 
vector  changes  its  direction  relative  to  the  crystal  axes 
during  switching. 

c.  Near  theoretical  loss  in  dense  bulk 
polycrystalline  ferrites 

Porosity  is  one  well  known  cause  of  microwave 
loss.  For  YIG,  as  an  example,  one  obtains  a  10  GHz 
FMR  linewidth  of  about  20  Oe  per  percent  porosity.  In 
standard  sintered  materials,  one  must  usually  grow  the 
grains  in  order  to  reduce  the  porosity.  Small  grains, 
however,  are  better  than  large  grains  for  high  power. 
This  is  because  small  grains  produce  a  larger  effective 
spin  wave  linewidth  due  to  transit  time  limitations.  The 


end  result  is  that  fine  grains  give  a  corresponding  high 
power  handling  capability.  As  part  of  the  ONR 
program,  one  project  has  been  undertaken  to  examine 
polycrystalline  ferrites  produced  by  hot  isostatic 
pressing  (HIPPING  to  achieve  materials  with  both 
small  grains  and  a  near  zero  porosity. 

The  work  accomplished  to  date  was  done  on  closed 
pore  polycrystalline  YIG  sintered  from  conventional 
starting  powders  to  a  relatively  large  grain  size  of  8  pm, 
and  then  subjected  to  the  HIPPING  process  to  produce 
an  ultra  dense  polycrystal.  The  data  shown  below  were 
obtained  in  collaboration  with  Drs.  Jerome  J.  Green,  the 
co-PI  on  this  program,  H.  Jerold  Van  Hook,  a  private 
microwave  consultant  previously  associated  with 
Raytheon  Company,  Gil  Argentina  of  Pacific 
Microwave,  and  Bodycote,  Inc.  Work  is  in  progress  to 
use  the  HIPPING  of  fine  grain  materials  to  achieve 
extraordinary  high  power  handling  capability.  The 
production  of  fine  grain  HIPPED  ferrites  for  high 
power  microwave  applications  is  one  of  the  focus 
points  of  the  renewal  program.  The  summary  here  is 
limited  to  the  low  power  linewidths  only. 

Figure  5  (Nazarov  et  al.,  2003b)  shows 
representative  linewidth  versus  frequency  results  for  a 
HIPPED  YIG  sphere.  The  solid  points  show  the  data. 
The  solid  curve  shows  the  computed  linewidth  for  two 
magnon  scattering  due  to  randomly  oriented  single 
crystal  grains  with  the  anisotropy  within  each  grain 
taken  to  be  the  same  as  for  YIG  single  crystal.  The 
well  known  and  well  used  theory  is  due  to  Schloemann 
(Sc'nioemann,  1958).  The  dotted  line  shows  a  smaii 
upward  shift  to  account  for  the  intrinsic  losses.  These 
data  represent  the  first  experimental  confirmation  of  the 
predicted  linewidth  frequency  response.  Up  to  now,  it 
has  not  been  possible  to  make  polycrystalline  YIG 
materials  dense  enough  to  see  the  pure  anisotropy 


Frequency  (GHz) 

FIG.  5.  Ferromagnetic  resonance  linewidth  versus  frequency 
for  a  HIPPED  YIG  sphere,  [after  A.  V.  Nazarov,  D.  M6nard, 
J.  J.  Green,  and  C.  E.  Patton,  J.  Appl.  Phys.  94,  7227  (1993).] 
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scattering  linewidth  along  due  to  the  presence  of 
residual  porosity  scattering.  As  stated  above,  a  one 
percent  porosity  would  add  about  20  Oe  to  these 
linewidths  at  10  GHz  and  would  add  40  Oe  at  20  GHz. 
These  HIPPED  YIG  materials  clearly  have  a  very  small 
porosity,  if  any. 

These  data  show  the  power  of  the  HIPPING 
process  to  produce  dense  ferrites  for  fundamental  loss 
studies  as  well  as  practical  low  loss  devices.  It  is  clear 
that  this  process  is  very  promising  for  the  production  of 
low  loss  polycrystalline  ferrite  materials.  The  next  and 
crucial  step  will  be  in  the  production  of  a  very  small 
grain  size  at  near  theoretical  density  and  the  consequent 
realization  of  extremely  high  power  materials. 

d.  Foldover  and  bistability  in  single  crystal 
YIG  films 

Section  b  above  touched  on  the  use  of  high  power 
measurements  in  the  study  of  microwave  loss 


FIG.  6.  Graphs  (a)  and  (b)  show  calculated  foldover  and 
bistability  profiles  of  the  absorbed  power  P„  versus 
frequency  /  and  the  input  power  Pin ,  respectively,  for  a 
perpendicularly  magnetized  YIG  film  with  a  low  power 
linewidth  Af  =  17.6  MHz  and  biased  to  give  a  low  power 
FMR  peak  at  4540  MHz.  Curves  1,  2,  and  3  in  (a)  and  curves 
2  and  3  in  (b)  are  for  a  power  frequency  response  parameter 
5  =  1.83  MHz/m W.  Curves  1,  2,  and  3  in  (b)  are  for 
/-values  of  4540  MHz,  4555.2  MHz,  and  4570  MHz, 
respectively.  [Y.  K.  Fetisov  and  C.  E.  Patton,  IEEE  Trans. 
Magnetics  40,  473  (2004).] 


properties.  High  power  often  produces  another  effect 
termed  “foldover.”  This  can  occur  through  the  classical 
nonlinear  response,  parametric  spin  wave  generation,  or 
classical  heating  effects.  One  often  sees  a  distortion  of 
the  main  ferromagnetic  resonance  absorption  profile  in 
which  the  peak  first  shifts  and  steepens  on  one  side,  and 
then  evolves  into  a  bistable  response.  Example  curves 
of  the  computed  FMR  loss  versus  frequency  at  different 
powers  and  versus  power  at  different  frequencies  for  a 
perpendicularly  magnetized  YIG  film  at  fixed  field  are 
shown  in  Fig.  6  (Fetisov  and  Patton,  2004).  This 
particular  example  is  for  thermally  driven  foldover. 
One  can  see  that  the  effect  can  be  quite  severe.  This 
type  of  response  can  be  desirable,  as  for  a  bistable 
microwave  switch,  for  example,  or  undesirable,  when 
one  desires  a  high  Q  tunable  filter,  as  another  example. 

Figure  7  shows  a  schematic  of  the  microwave 
structure  and  set-up  for  actual  measurements.  Figure  8 
shows  actual  data.  The  YIG  film  microstrip  line 
structure  is  similar  to  the  configuration  of  tunable  thin 
film  FMR  notch  filters,  limiters,  and  other  high  Q  YIG 
film  devices.  Figure  8  shows  a  typical  low  power  FMR 
response  in  the  top  panel,  and  the  effect  of  an  increase 
in  power  in  the  foldover  and  bistable  response  in  the 
lower  panels. 

The  data  in  Fig.  8  show  the  characteristic  thermal 
foldover  response.  The  trace  for  /■„  =  +7  dBm  in  (a) 
shows  a  small  shift  and  an  asymmetric  distortion  from 
the  narrow  and  symmetric  main  peak  profile  at  very 
low  power.  These  changes  develop  continuously  as  the 


FIG.  7.  Schematic  of  the  yttrium  iron  garnet  (YIG)  film 
resonator  and  the  microwave  measurement  system.  The  film 
is  upside  down  on  a  gadolinium  gallium  garnet  (GGG) 
substrate  and  is  separated  from  the  microstrip  line  by  a 
dielectric  spacer.  The  static  field  H0  is  applied 
perpendicular  to  the  film  plane.  [Y.  K.  Fetisov  and  C.  E. 
Patton,  IEEE  Trans.  Magnetics  40,  473  (2004).] 
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power  is  increased  from  the  low  power  reference  level 
of  1  mW  (0  dBm).  There  is  no  hysteresis. 

As  soon  as  the  power  is  increased  above  +7  dBm, 
one  finds  several  abrupt  and  discontinuous  changes 
from  the  trace  shown  in  Fig.  8(a).  There  is  a  splitting  in 
the  up-sweep  and  down-sweep  traces  and  the 
appearance  of  hysteresis.  As  the  power  is  increased, 
the  up-sweep  trace  also  develops  a  very  large 
asymmetry  and  continues  to  shift  up  in  frequency.  The 
high  frequency  edge  of  the  profile  becomes  very  sharp. 
At  the  same  time,  the  down-sweep  exhibit  traces  only  a 
sharp  cusp  response  that  shifts  to  higher  frequency  as 

is  increased.  The  down-sweep  cusps  always  remain 
well  below  the  steep  high  frequency  edge  of  the  up¬ 
sweep  traces. 

The  thermal  foldover  effects  evident  in  Fig.  8  can 
be  quantified  through  further  measurements  of  the 
absorption  ratio  of  the  peak  FMR  loss  to  the  input 
power  and  the  two  jump  point  frequencies  /up  and 
/dovm  as  a  function  of  power.  Based  on  such 
measurements,  one  can  obtain  computed  response 
curves  of  the  sort  shown  in  Fig.  6.  One  reviewer  of  this 


FIG.  8.  Reflected  power  PK f  as  a  function  of  the  frequency 
/  for  the  YIG  film  resonator  at  various  levels  of  input  cw 
power  Pm  ,  as  indicated.  The  arrows  show  the  directions  of 
the  traces  for  the  up-sweep  and  down-sweep  profiles,  as 
indicated.  The  vertical  dotted  line  across  all  the  panels  shows 
the  position  of  the  main  resonance  at  frequency  /0  for  low 
power.  The  fup  and  /down  frequency  jump  points  for  panels 
(b)  -  (d)  are  indicated  by  solid  circles  and  dotted  lines  and 
labeled  in  panel  (d)  only.  [Y.  K.  Fetisov  and  C.  E.  Patton, 
IEEE  Trans.  Magnetics  40,  473  (2004).] 


IEEE  paper  called  the  work  a  “tour  de  force”  on  FMR 
foldover  in  single  crystal  films. 

e.  Off  resonance  effective  linewidth 

The  off  resonance  effective  linewidth  provides  a 
useful  measure  of  the  actual  losses  that  affect  the 
insertion  loss  of  real  polycrystalline  ferrite  microwave 
devices  such  as  circulators  and  phase  shifters.  Some  of 
the  basics  will  be  discussed  in  Part  II  as  part  of  the 
proposed  new  work  and  measurement  methods.  A  long 
standing  challenge  has  been  the  seeming  contradiction 
between  the  expectation  of  effective  linewidth  values  in 
the  high  field  limit  that  should  approach  near  intrinsic 
single  crystal  linewidths  and  the  reality  of  a  much 
larger  value  that  depends  on  the  microstructure. 

New  high  accuracy  measurements  have  resolved 
this  dilemma.  Careful  and  insightful  measurements  by 
Ph.D.  Candidate  Nan  Mo  on  polycrystalline  YIG 
materials  have  revealed  a  high  field  effective  linewidth 
that  decreases  with  increasing  field  and  extrapolates  to 
a  high  field  limit  value  that  is  very  close  to  the  expected 
linewidth  for  single  crystals. 

Figure  9  shows  the  essential  results.  Here,  the  10 
GHz  high  field  effective  linewidth,  A//eff ,  for  (a) 
HIPPED  ultra  dense  YIG  and  (b)  conventionally 
sintered  nominally  dense  YIG  spheres  is  shown  as  a 
function  of  the  field.  The  solid  lines  show  the 
calculated  variation  in  the  total  degenerate  magnon 
density  of  states  (DOS),  scaled  to  match  the  high  field 
data.  The  error  bars  show  the  accuracy  of  the 
measurements. 

The  good  match  between  the  data  and  the  DOS 
curve  in  (a)  shows  that  field  dependence  of  A77eff  and 
DOS  response  track  nicely  for  ultra  dense  YIG.  This  is 
the  same  material  used  above  for  the  FMR  linewidth 
data  and  full  two  magnon  analysis  for  degenerate  spin 
waves  within  the  conventional  spin  wave  band.  There 
is  also  a  good  match  in  (b)  for  fields  down  to  the  H'm 
field  point  at  about  5.6  kOe.  These  matches  indicate  a 
new  and  previously  unrealized  result,  that  two  magnon 
scattering  into  low  wave  number  electromagnetic 
branch  spin  wave  (EMSW)  excitations  plays  a  key  role 
in  the  high  field  response.  These  modes,  and  their  role 
in  the  high  field  losses,  have  been  ignored  for  over  35 
years!  The  fact  that  the  data  in  (b)  rise  sharply  above 
the  DOS  curve  for  fields  below  H*w  provides  further 
support  for  this  A/7eff  -  EMSW  connection.  The  Hq 0 
marks  the  field  below  which  spin  waves  in  the 
conventional  spin  wave  band  become  degenerate  with 
the  uniform  mode  and  allow  the  usual  two  magnon 
process  to  begin  to  come  into  play. 
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The  other  point  of  note  from  Fig.  9  is  that  the  high 
field  limit  values  of  A#eff  in  both  cases  are  very  close 
to  the  known  10  GHz  intrinsic  linewidth  in  single 
ciystal  YIG  of  0.5  Oe.  In  the  extreme  high  field  limit, 
the  DOS  response  for  the  EMSW  modes  goes  to  zero 
and  one  expects  no  two  magnon  contribution  to  the 
linewidth.  One  expects,  therefore,  a  high  field  limit 
effective  linewidth  that  is  the  same  as  the  intrinsic 
value.  For  the  first  time  in  35  years,  these  data  confirm 
this  expectation. 

Recent  work  has  focused  on  the  low  field  effective 
linewidth.  Low  field  is  the  regime  of  choice  for  many 
off-resonance  devices  because  of  the  relative  ease  in 
obtaining  the  needed  fields.  Data  are  shown  in  Fig.  10. 
The  format  is  the  same  as  for  Fig.  9.  Here  one  sees  the 
high  field  tail  response  above  the  manifold  region  as  in 


FIG.  9.  Graphs  of  the  high  field  effective  linewidth 
and  the  total  electromagnetic  spin  wave  density  of  states  as  a 
function  of  the  static  external  field.  The  open  circles  in 
graphs  (a)  and  (b)  and  the  corresponding  error  bars  show  the 
measured  effective  linewidth  data  for  the  HIPPED  and 
conventionally  sintered  (CS)  YIG  samples,  respectively.  The 
solid  curves  show  the  calculated  density  of  states  for 
degenerate  electromagnetic  spin  wave  modes  at  the  signal 
frequency,  as  a  function  of  the  field.  The  Hon  point 
indicates  the  effective  band  edge  field  when  the  dipole  field 
of  spherical  pores  is  taken  into  accounted.  [N.  Mo,  Y.  Song, 
and  C.  E.  Patton,  J.  Appl.  Phys.  97,  093901  (2005).] 


Fig.  9.  But  one  also  sees  a  rather  interesting  low  field 
response.  For  this  low  field  response,  the  data  for  the 
HIPPED  and  CS  materials  are  now  inverted.  The  ultra 
dense  HIPPED  YIG  has  a  higher  low  field  A//efr  than 
does  the  more  porous  CS  sample.  There  is  also  a 
notable  elbow  in  the  field  response  for  both  sets  of  data 
at  a  common  field  labeled  as  Hx  in  the  figure.  These 
data  represent  the  first  comprehensive  low  field 
effective  linewidth  data  ever  taken.  The  field  responses 
and  the  elbow  effect  in  particular  provide  yet  another 
signature  of  the  importance  of  the  EMSW  modes  for 
effective  linewidth. 

Figure  1 1  shows  a  schematic  plot  of  the  lull  spin 
wave  band  in  a  wave  number  k  versus  external  field 
format  for  YIG  materials  and  a  spin  wave  frequency  of 
10  GHz,  chosen  to  match  the  modes  that  would  be 
degenerate  with  the  driven  FMR  mode  when  excited  at 
10  GHz.  The  label  DEL  denotes  the  usual  dipole 
exchange  spin  wave  band,  while  EML  and  EMA  denote 
the  Larmor  and  anti-Larmor  electromagnetic  spin  wave 
bands,  respectively.  Note  that  at  high  field,  one  has 
only  the  tails  of  the  DEL  and  the  EMA  bands 
degenerate  with  a  10  GHz  microwave  drive.  The  DOS 
response  for  these  tail  modes  is  responsible  for  the 
response  in  Fig.  9.  Note  also  that  at  low  field,  one  has  a 
critical  point  at  H  -  Hx  for  which  degenerate  modes 


External  static  field  H  ( kOe ) 


FIG.  10.  Effective  linewidth  A//eff  as  a  function  of  static 
external  field  H  at  a  nominal  operating  point  frequency  10 
GHz  for  the  HIPPED  YIG  and  CS  YIG  spheres  with  nominal 
diam  2mm.  The  open  circles  and  the  open  squares  show  data 
of  the  HIPPED  YIG  and  the  CS  YIG,  respectively.  The 
vertical  dash-dotted  lines  indicate  the  spin  wave  manifold. 
The  solid  lines  are  used  to  linearly  fit  selected  data  above  and 
below  the  elbow  point  field  Hx  •  [N.  Mo,  J.  J.  Green,  P. 
Krivosik,  and  C.  E.  Patton,  49th  Conference  on  Magnetism 
and  Magnetic  Materials,  8-11  November  2004.] 
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Static  external  field  H  ( kOe ) 

FIG.  11.  Diagram  of  the  three  spin  wave  bands  in  a  wave 
number  versus  field  format  for  fixed  frequency.  The  graph 
shows  curves  of  the  spin  wave  number  A:  as  a  function  of  the 
static  external  field  H  at  a  fixed  frequency  /  of  10  GHz  for 
the  full  range  of  propagation  angle  6k  from  0°  to  90° ,  as 
indicated.  The  curves  group  into  three  bands,  the  dipole 
exchange  Larmor  (DEL)  band,  the  electromagnetic  Larmor 
(EML)  band,  and  the  electromagnetic  anti-Larmor  (EMA) 
band,  as  indicated.  The  graph  shows  three  important  field 
points  along  the  H  -  axis,  an  Hy  field  that  corresponds  to 
the  top  field  of  EML  band,  the  moderate  k  band  or  spin 
wave  manifold  limits  in  field  at  H  =  Hgo  and  H  =  Hqo  ■  [N. 
Mo,  J.  J.  Green,  P.  Krivosik,  and  C.  E.  Patton,  49th 
Conference  on  Magnetism  and  Magnetic  Materials,  8-11 
November  2004.] 

come  in  from  the  EML  spin  waves.  For  higher  fields, 
one  has  oniy  extremely  high  k  modes  from  the  DEL 
manifold  and  low  k  modes  from  the  EMA  manifold. 
One  can  clearly  associate  the  elbow  effect  in  Fig.  10 
with  the  Hx  point  in  Fig.  11.  The  inverted 
microstructure  effect  for  the  low  field  response,  relative 
to  the  high  field  effective  linewidth,  must  be  related  to 
the  enhanced  strength  of  high  k  -scattering  for  the  ultra 
dense  HIPPED  YIG  material.  This  could  be  due  to 
grain  boundary  scattering.  These  high  k  modes  are  not 
available  at  high  field. 

Further  work  to  quantify  the  low  field  effective 
linewidth  response  and  develop  a  full  theory  of  two 
magnon  scattering  out  of  the  manifold  region  is  in 
progress.  These  connections  are  expected  to  play  a 
significant  role  in  the  understanding  of  off  resonance 
losses  and  the  development  of  thick  and  thin 
polycrystalline  ferrite  films  for  low  loss  phase  shifter 
and  circulator  applications. 


f.  Pulse  laser  deposited  lithium  zinc  ferrite 
films 

While  yttrium  iron  garnet  is  perhaps  the  microwave 
ferrite  material  with  the  lowest  loss,  the  drawback  of  a 
relatively  low  nominal  saturation  induction  (  \nMs )  of 
1750  G  has  generally  led  to  the  use  of  spinel  materials 
such  as  lithium  zinc  ferrite  for  the  higher  microwave 
frequency  regime  where  one  can  take  advantage  of  the 
higher  4 nMs  values  of  3000  -  5000  G.  The  production 
of  lithium  ferrite  films,  however,  with  an  adequately 
low  loss  has  generally  presented  a  serious  problem. 
The  CSU  group  has  recently  made  significant  progress 
in  this  area  by  growing  lithium  zinc  ferrite  (LZF)  films 
on  MgO  substrates  by  pulsed  laser  deposition  (Song  et 
al.,  2005).  Fortuitously,  the  group  had  several  small 
blocks  of  Lio.5-x/2Zn^Fe2.5-x/204  with  different  zinc 
levels  on  hand  from  previous  programs.  It  turns  out 
that  the  lattice  parameter  of  LZF  materials  at  x  =  0.6 
provides  a  better  match  to  that  of  MgO  than  pure 
lithium  ferrite. 

While  not  on  par  with  single  crystal  losses,  the 
PLD  films  recently  produced  have  9.5  GHz  half  power 
linewidths  as  low  as  57  Oe  and  other  properties 
commensurate  with  good  single  crystals.  Figure  12 
shows  a  representative  9.5  GHz  FMR  derivative 
absorption  profile  for  a  0.70  pm  thick  film.  The  FMR 
response  is  smooth  and  symmetric.  The  derivative 
peak-to-peak  separation  of  33  Oe  converts  to  a  half 
power  linewidth  of  57  Oe.  The  best  linewidths  from 
previous  work  have  been  in  the  200-400  Oe  range.  The 


Static  external  field  H  (Oe) 


FIG.  12.  Representative  absorption  derivative  versus  static 
external  field  H  profile  at  9.5  GHz  on  a  0.70  pm  thick 
lithium  zinc  ferrite  film.  The  inset  indicates  the  field 
geometry,  with  a  perpendicular-to-plane  (PTP)  field  H  and 
an  in-plane  microwave  field  h  .  The  vertical  dashed  lines  and 
the  33  Oe  label  indicate  the  usual  “derivative”  linewidth.  [Y. 
Song,  M.  S.  Grinolds,  P.  Krivosik,  and  C.  E.  Patton,  J.  Appl. 
Phys.  97,  103516(2005).] 
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target  single  crystal  linewidth  is  2  Oe.  Figure  13  shows 
data  on  the  FMR  field  position  as  a  function  of  the  in¬ 
plane  rotation  angle  <j> .  The  four  fold  symmetry 
demonstrates  the  good  epitaxial  nature  of  the  film. 

g.  High  power  properties  of  metallic 
ferromagnetic  films 

Even  though  the  traditional  material  of  choice  for 
microwave  devices  is  a  ferrite  or  garnet  in  one  form  or 
another  and  of  the  sort  discussed  above,  metallic  thin 
films  are  receiving  increasing  attention  for  possible 
tunable  filter  applications.  While  metal  films  for  such 
applications  must,  of  necessity,  be  relatively  thin,  this  is 
compensated  to  some  degree  by  the  high  saturation 
induction.  Permalloy  (nominally  80%-20%  Ni-Fe)  and 
pure  iron,  for  example,  have  4 kMs  values  of  10  kG 
and  20  kG,  respectively.  The  thin  film  device  design 
can  also  be  optimized  to  give  low  insertion  loss  and 
high  isolation  values  that  are  comparable  to  those  of 
ferrite  based  devices.  Celinski  and  co-workers  at  the 
University  of  Colorado  -  Colorado  Springs  (UCCS) 
(Kuanr  et  al.,  2003),  have  developed  respectable 
tunable  band  stop  filters  in  the  5  -  30  GHz  range  based 
on  both  Permalloy  and  iron  thin  films. 

To  date,  the  CSU  work  has  focused  on  the  high 
power  microwave  response  in  Permalloy  films,  with  a 
view  to  understand  the  fundamental  spin  wave 
instability  processes  that  lead  to  the  so  called  subsidiary 
absorption  or  low  field  loss  and  the  saturation  of  the 


o 


FIG.  13.  Resonance  field  Hres  as  a  function  of  the  in-plane 
field  angle  <j>  relative  to  the  in-plane  [100]  crystallographic 
direction  for  the  (001)  0.70  pm  thick  lithium  zinc  ferrite  film 
sample.  The  solid  circles  show  the  data  and  the  solid  curve 
shows  a  computed  response  based  on  the  uniform  mode  FMR 
response  for  a  (001)  thin  film  with  cubic  anisotropy  and  a 
negative  first  order  anisotropy  constant.  The  principal  in¬ 
plane  directions  are  indicated  along  the  horizontal  axis.  [Y. 
Song,  M.  S.  Grinolds,  P.  Krivosik,  and  C.  E.  Patton,  J.  Appl. 
Phys.  97,  103516(2005).] 


FMR.  Figure  14  (An  et  al.,  2004)  shows  the  basic  high 
power  effects.  These  data  were  obtained  at  9.37  GHz 
on  a  128  nm  thick  film  with  the  mutually  orthogonal 
static  and  microwave  fields  both  in-plane.  The  solid 
circles  show  the  low  power  FMR  response.  The  open 
circles  show  the  change  when  one  goes  to  high  power. 
One  sees  two  effects,  (1)  a  saturation  and  broadening  of 
the  FMR  profile  and  (2)  the  appearance  of  a  new  loss 
region  at  low  field.  In  these  films,  as  with  ferrites,  this 
low  field  loss  peak  can  severely  affect  the  performance 
of  off  resonance  devices.  The  extra  loss  at  resonance 
can  affect  the  performance  of  filters  of  the  type 
developed  at  UCCS.  A  full  discussion  of  these  metallic 
film  high  power  responses  is  beyond  the  scope  of  this 
brief  summary.  These  responses  (1)  are  non-classical, 
unlike  the  thermal  foldover  responses  in  YIG  films 
discussed  above,  and  (2)  can  be  analyzed  and 
understood  on  the  basis  of  spin  wave  instability  theory. 


FIG.  14.  Microwave  loss  versus  the  static  external  magnetic 
field  H  for  a  128  nm  thick  Permalloy  film  for  the  in-plane 
static  field  configuration  and  pulse  microwave  excitation  at 
9.37  GHz.  The  solid  and  open  circles  denote  data  for  a  peak 
input  power  P  to  the  cavity  of  7.6  mW  and  40.5  W, 
respectively.  The  RS  and  SA  labels  indicate  the  field  regions 
for  resonance  saturation  and  subsidiary  absorption, 
respectively.  [S.  Y.  An,  P.  Krivosik,  M.  A.  Kraemer,  H.  M. 
Olson,  A.V.  Nazarov,  and  C.  E.  Patton,  J.  Appl.  Phys.  96, 
1572  (2004).] 
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